Introduction
In recent years, the growing worldwide demands for energy along with the increasing concerns over global warming have stimulated interest in seeking renewable energy sources. Dye-sensitized solar cells (DSSCs), due to their relatively high efficiency, simple fabrication process, and low-cost production, are potential alternatives to conventional silicon-based photovoltaic devices for the direct conversion of electrical energy.
1−5
The photosensitizer was one of the key elements for high power conversion efficiencies. DSSC based on Ru-complex dye, cis-dithiocyanato-4,4'-dicarboxy-2,2'-bipyridyl ruthenium(II) complex (N3 dye), can produce high photoelectric conversion efficiency. Several groups have developed new sensitizers and obtained good efficiencies.
6 A typical DSSC comprises a dye-sensitized nano crystalline TiO 2 interpenetrated by a holetransporting material such as a liquid electrolyte (I − /I − 3 ) redox couple. 7 Absorption of light by the sensitizer creates a high-energy state that can inject the excited electron into the conduction band of TiO 2 and the oxidized dye is regenerated by the redox couple. In this work, an inorganic complex based on Gd(III) was synthesized and used as sensitizer. The relatively low fill factor and efficiency could probably be attributed to the different chemical structure of different metal coordination.
The lanthanide(III) ions are valuable for the development of technological applications such as the selective extraction of metals, NMR image-contrast agents, magnetic resonance imaging agents, fluoroimmuno assay, luminescence labels, and diagnostic agents. 8 In addition, they can also be used as catalysts for RNA cleavage. 9, 10 Many lanthanide(III) complexes are able to exhibit fluorescence in the solid state, but their fluorescence efficiency in aqueous solution is substantially lowered, owing to the coordination of water molecules to the lanthanide atoms. 11 Therefore, it is important to protect the metal as efficiently as possible from coordination of water molecules when preparing lanthanide complexes with strong fluorescence properties in aqueous solution. The cryptand ligands possess spherical cavities and special recognition sites toward metal ions and small molecules. They are able to shield the metal ions from interaction with water molecules. Due to their unique properties compared to analogous mononuclear and homodinuclear complexes, there has been a great deal of recent interest in hetero binuclear complexes.
12
The cryptates have good thermodynamic stability and kinetic inertness toward metal dissociation. The gadolinium cryptates derived from 2,6-diformyl-4-methylphenol(dfm) and tris (2-aminoethyl) complex and studied the electrochemical behavior. Further, the feasibility of enhancing solar cell performance, fluorescence, and lifetime measurement with hetero binuclear cryptate was investigated.
Experimental

Solvent and starting material
Gd(NO 3 ) 3 .5H 2 O (99.9%) and tris(2-aminoethyl)amine (99.9%) (tren) were purchased from Aldrich and 2,6-diformyl-4-nitrophenol (dnp) 20 was synthesized by following the literature procedure. Their physical constants and spectral data were in agreement with literature values. All starting materials were of reagent grade and the solvents were purified by general methods.
Analytical and physical measurements
Elemental analysis of the complexes was conducted using a Haereus CHN rapid analyzer. Conductivity of the complexes was measured using an Elico digital conductivity bridge model CM-88 with freshly prepared solution of the complex in DMF. The FTIR spectra were recorded on a PerkinElmer FTIR 8300 series spectrophotometer on KBr disks from 4000 to 400 cm −1 . Electronic spectral studies were recorded on a PerkinElmer UV-320 spectrophotometer from 200 to 1100 nm. ESI mass spectra were obtained on a JEOL DX-303 mass spectrometer; the concentrations of the samples were about 1.0 µ mol dm curve and lifetime measurements were carried out using a time correlation single-photon counting spectrometer (IBH, model 5000U). The excitation source was 280 nm nano LED (IBH) with a pulse width of < 1 ns. The fluorescence emission was monitored at a right angle to the excitation path and photons were detected by a MCP-PMT (Hamamatsu, model R3809U) detector. The data analysis was carried out by the software provided by IBH (DAS-6), which was based on deconvolution techniques using the nonlinear least-squares method.
General procedure for electrochemical studies
The cyclic voltammetric experiments were performed on a CHI-600A electrochemical analyzer under oxygenfree conditions using a 3-electrode electrochemical cell in which a glassy carbon electrode was the working electrode, Ag-AgCl was the reference electrode, and a platinum wire was the auxiliary electrode. DMF was used as the solvent. Tetra n-butyl ammonium perchlorate (TBAP) was used as the supporting electrolyte. Experiments were performed under a purified nitrogen atmosphere at 25 ± 0.1 
Synthesis of mononuclear Gd(III) complex
An absolute methanol solution (20.0 mL) containing tren (0.149 g, 1.00 mmol) was added dropwise to a stirred mixed solution of (0.246 g, 1.50 mmol) dmp and Gd(NO 3 ) 3 .5H 2 O (0.238 g, 0.55 mmol) in 20.0 mL of absolute methanol. After refluxing for 4-5 h, the cotton-like precipitate was filtered while the solution was hot and the precipitate was discarded. 
Synthesis of binuclear complex
Mononuclear gadolinium(III) cryptate (0.0911 g, 0.1 mmol) was dissolved in methanol ( 
Results and discussion
The cryptates [GdML(NO Due to the flexibility of the cryptand it was able to adjust its cavity to match the differently sized metal ions. 
Spectral studies
Electronic spectra
The UV-Vis spectra of these cryptates were dominated by intense ligand bands at ca. 275, 286, and 380 nm. The band at 394 nm was assigned to the C=N chromophores, while the other 2 bands were designated as a π -π * transition of the K band of the benzene rings. The data are given in Table 1 
Luminescence studies of cryptates [1-5]
Emission spectra of cryptates [1] [2] [3] [4] [5] in DMF solution with excitation at 400 nm are shown in 
and e) [GdCuL(
and e) [GdCuL(NO 3) ] + complexes.
Lifetime measurement of cryptates [1-5]
Advances in the design and miniaturization of the lasers and electronics required for time- [GdLH( Table 2 . The exponential decay behavior depends on the number of different luminescent centers, energy transfer, defects, and impurities in the host. 
Cyclic voltammetric behavior of complexes [1-5]
The cyclic voltammogram of mononuclear complex [Gd(H 3 L)(NO 3 ) ].2H 2 O in DMF in the range 0.0 to -2.50
V at the scan rate of 0.05 V s −1 is given in Figure 5 , which shows well-defined cathodic peak potential of E pc = -1.95 V (Ag/AgCl). The ratio of the anodic to cathodic peak currents i pa /i pc was close to unity at low scan Cyclic voltammograms of mono and binuclear complexes reduction at cathodic poten-
[ Owing to the difficulties in analyzing the magnetic properties of (Ln, Cu) pairs involving a Ln 3+ ion, which possesses a disorder orbital moment, 27 the temperature ( T ) dependence of magnetic susceptibility (χ m ) in the range 2.0-300 K is shown in Figure 7 . The effective magnetic moment (µ ef f ) at 300 K is 7.90 µ B , which was slightly greater than the spin-only value (8.10 µ B ) calculated by µ
Cu +µ Gd 2 , by assuming that there was no magnetic interaction between Cu(II) (S Cu = 1/2) and Gd(III) (S Gd = 7/2). When the temperature decreased, the µ ef f increased slowly from 7.95 µ B at 50 K and then increased steeply to the maximum value (9.75 µ B ) at 0.50 K. The maximum value was longer than the spin-only value (8.94 µ B ) for spin state S = 4, which arises from ferromagnetic spin-coupling of the present spin system (S Cu = 1/2, S Gd = 7/2). Therefore, the observed magnetic behavior clearly demonstrates intermolecular ferromagnetic spincoupling between Cu(II) and Gd(III) and, possibly, an intermolecular antiferromagnetic coupling interaction in the cryptate. The magnetic data were analyzed on the basis of the spin-only equation derived from a spin Hamiltonian H = -JS Cu S Gd ; χ m was expressed as follows: On fitting Eq. (1), the parameters g = 1.97 and J = -0.66 cm −1 were obtained with an agreement factor
; χ calc and χ obs denote the calculated and observed molar magnetic susceptibilities, respectively]. There was no doubt that the observed ferromagnetic behavior was an intrinsic property of the core. The J values are slightly lower for GdO 3 Cu than those previously published for 4 structurally characterized heterodinuclear (Gd, Cu) complexes. 28 The structural study of the complex shows that a third bridge joins an axial site of Gd to an axial site of Cu, which has, at best, a very feeble spin density. The observed J value (4.2 cm −1 ) is quite similar to those found for complexes in which the magnetic interaction was mediated by a double bridge, GdO 3 Cu, as in previous examples. Furthermore, the very good fit obtained for Figure 7 with the help of the above expression corresponding to a dinuclear Gd-Cu complex confirms the dinuclear character of the powdered sample.
Dye-sensitized solar cell studies
The as-prepared gadolinium complexes were utilized as dye molecules in the fabrication of DSSCs and their performance is summarized in Table 4 ( Figure 8 ). Anchoring of gadolinium complexes on the TiO 2 surface may occur via -OH and -NO 2 group of ligands. All the gadolinium complexes showed moderate conversion efficiency compared to that of standard N3 dye under identical conditions (see Table 4 ; inset of Figure 8 ). The order of efficiency observed for the complexes studied in this work correlates roughly well with the absorption cut-off wavelengths observed for the complexes. That is, [GdNiL(NO 3 )] + complex shows high cut-off wavelength (l > 470 nm) and greater efficiency compared to the other complexes. 
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